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This paper describes the characterization of low molecular weight components of four materials
using electrospray ionization Fourier transform mass spectrometry (ESI-FTMS). The materials in
the current study are [(ViMe2SiO1/2)x(PhSiO3/2)y(SiO4/2)z] (MTQ), [(ViMe2SiO1/2)x(SiO4/2)y] (MQ),
and [(SiO4/2)x(HO1/2)y(
tBuO1/2)z] (Q) silsesquioxanes. Accurate mass measurements coupled with
knowledge of resin chemistry afforded siloxane composition determination that was used to
propose specific structures for the oligomers. Branched or linear (TnQmMn2m2), and monocyclic
(TnQmMn2m) structures are predominant structures for the low molecular weight species in MTQ.
For MQ and Q, more condensed structures, such as partially opened cage structures (QmM2m6
and QmM2m8), were identified. The differences between MQ, Q, and MTQ are likely attributed to
differences in intrinsic structure and reactivity of T and Q building blocks. The structural
information obtained for these oligomeric species will ultimately provide a better understanding
of new resin materials and their associated physical properties. (J Am Soc Mass Spectrom 2005,
16, 524–534) © 2005 American Society for Mass SpectrometrySilsesquioxanes with unique properties are impor-tant to the material science community. Silsesqui-oxanes have been widely applied as electrically
insulating coatings or protective coating against heat or
abrasion [1, 2]. Making new materials with low coeffi-
cient of thermal expansion (CTE), high glass transition
temperature (Tg), controllable refractive index, and
desirable mechanical (high toughness) and electrical
properties (low dielectric constant k), has always been a
major challenge for material scientists. These unique
properties are the most desirable ones for electronic and
optical applications. Among various silsesquioxanes,
those incorporating “silica” or Q unit are of great
interest since this strategy allows control of the final
resin structure on a molecular level to produce optically
clear materials with controllable properties. Structural
characterization of these new silsesquioxanes is critical
and often leads to an in-depth understanding of their
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doi:10.1016/j.jasms.2005.01.001physical properties, which ultimately results in im-
proved material design.
Silsesquioxanes have been traditionally analyzed by
nuclear magnetic resonance (NMR) for structural infor-
mation and gel permeation chromatography (GPC) for
molecular weight distribution. However, mass spec-
trometry (MS) has recently become an extremely valu-
able tool for polymer analysis with the development of
soft ionization techniques such as matrix-assisted laser
desorption/ionization (MALDI) [3] and electrospray
ionization (ESI) [4]. The capability of these advanced
MS techniques for the characterization of polysiloxanes
(linear and cyclic), and silsesquioxanes has attracted
more and more attention in the past decade. Most of the
studies to date were carried out using ESI-MS, atmo-
spheric pressure chemical ionization mass spectrometry
(APCI-MS), or MALDI-MS. For example, polyhedral
silsesquioxanes have been analyzed by Hong et al. [5]
and Bakhtiar et al. [6, 7] using ESI-MS and APCI-MS,
respectively. Polyhedral silsesquioxanes with bulky
substituents were also synthesized and analyzed by
MALDI-TOF MS and ESI-TOF MS [8]. Wallace et al.
reported using MALDI-TOF MS to characterize incom-
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existing MS instruments, Fourier transform ion cyclo-
tron resonance mass spectrometry (FTICR-MS or FTMS)
offers ultra-high mass resolution and mass accuracy,
and extensive MS/MS capabilities, allowing multidi-
mensional techniques for probing the chemical compo-
sition of interest [11, 12]. Until recently, the coupling of
ESI and FTMS has only been primarily used for the
characterization of biopolymers [13, 14]. However, ESI-
FTMS is becoming a critical analytical tool in the
polymer chemist’s bag of tricks [15] since it can provide
unambiguous chemical formula and structural determi-
nation of synthetic polymeric materials. McLafferty and
coworkers reported using ESI-FTMS to characterize
poly(ethylene glycol) [16]. Simonsick et al. reported the
characterization of polyesters, polyethers, and poly-
(methyl methacrylate) using ESI-FTMS coupled with
on-line gel permeation chromatography (GPC) [17, 18].
Wood et al. first reported a detailed study of poly(di-
methylsiloxane) (PDMS) sample using ESI-FTMS [19].
More recently, we have characterized a number of
silsesquioxanes using ESI-FTMS where detailed compo-
sitions and structures of various oligomers have been
revealed [20–22].
The goal of this study is to characterize the low
molecular weight components of two [(ViMe2SiO1/2)x-
(PhSiO3/2)y(SiO4/2)z] silsesquioxanes, A and B, by using
ESI-FTMS. Two other silsesquioxanes, [(ViMe2SiO1/2)x-
(SiO4/2)y] (C), and [(SiO4/2)x(HO1/2)y(
tBuO1/2)z] (D), were
also analyzed for comparison. A and B were both synthe-
sized by hydrolysis and condensation of (tBuO)2Si(OAc)2,
Me2ViSiOSiViMe2, and PhSi(OMe)3 (Reaction 1) while
condensed under different conditions. After hydrolysis, A
was condensed under slightly acid condition while B was
condensed in the presence of KOH. C was synthesized by
co-hydrolysis and condensation of Me2ViSiCl and
(tBuO)2Si(OAc)2 catalyzed by HCl generated in situ, Re-
action 2. Similarly, D was synthesized from hydrolysis/
condensation reactions of (tBuO)2Si(OAc)2 in toluene, Re-
action 3. In this reaction, in situ generated acetic acid
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Figure 1. ESI-FTMS spectrum of A.functioned as a hydrolysis/condensation catalyst.x(Me2ViSi)2O yPhSi(OMe)3 ztBuO)2Si(OAc)2
H2O→
HCl
Co-hydrolyzate→  →
(Me2ViSiO1⁄2)x(PhSiO3⁄2)y(SiO4⁄2)z or MTQ (1)
xMe2ViSiCl y(
tBuO)2Si(OAc)2
H2O→
HCl
 → (Me2ViSiO1⁄2)x(SiO4⁄2)y or MQ (2)
x(tBuO)2Si(OAc)2
H2O→  → SiO4⁄2x(HO1⁄2)y(tBuO1⁄2)z or Q (3)
Characterization of these resin materials by ESI-FTMS
will provide a detailed understanding of the structural
composition of new material and associated physical
properties. The focus of this report is to identify compo-
sitions of low molecular weight species present in these
materials and understand the general structural features
of silsesquioxanes. Such understanding is important to
our efforts to reveal composition-structure-property rela-
tionship of silsesquioxanes and eventually achieve control
over material property through chemistry.
Experimental
Materials
The two MTQ samples were prepared by dissolvinig
the sample in a mixture of McOH/CHCl3 (1:1) with 1
mM ammonium intentionally added to facilitate the
ionization. The MQ and Q samples were prepared in a
mixture of CH3CN/CHCl3 (1:1) with 1 mM ammonium
acetate.
Mass Spectrometry
ESI-FTMS experiments were performed on a Bruker (Bil-
lerica, MA) Apex II FTICR-MS equipped with a 4.7 T
superconducting magnet and an external Analytica elec-
trospray ionization (ESI) source (Branford, CT). A Cole-
Parmer (Vernon Hills, IL) Series 74900 syringe pump was
used to continuously infuse samples into the ESI source at
a flow rate of 0.3 mL/h through the 45° off-axis sprayer.
High purity (99.995%) nitrogen gas was used as both
nebulizing gas at ambient temperature and as a drying gas
at 105 °C. An electrostatic potential of ca.4.7 kV (relative
to the grounded needle) was applied to the metal-capped
glass capillary. Ions were accumulated in a hexapole ion
guide, adjacent to the external ESI source, and were
subsequently injected into the INFINITY cell using the
patented Sidekick method. The pressure of the ICR cell is
held at 3.0  1010 mbar. Data acquired in the broad-
band mode were typically collected using 1  106 data
points. The instrument was calibrated with a Dow Corn-
ing standard consisting of cyclic polydimethylsiloxane
(PDMS) structures (OSiMe2)x; where x  3, 6, 9 . . . 42. In
the ESI-FTMS experiments, ions detected in the positive-
ion mode were typically [MNH4]
 ions with little or no
526 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 524–534fragmentation, and only singly charged ions were consid-
ered in making mass assignments.
Results and Discussion
MTQ Silsesquioxanes
To identify material composition and understand how the
resin was built from basic siloxy groups, the ESI-FTMS
spectra of A and B were acquired. Figure 1 shows the
Table 1. Composition assignments of ESI-FTMS peaks for A (Pa
Measured mass
[M  NH4]
 TPh MVi Q OH O
342.13658 1 2 1
366.14051 3 1 1
426.17675 1 3
480.15080 2 2 2
494.16639 2 2 1
504.15381 1 3 1 2
516.11426 3 1 2
540.11569 2 2 1 2
548.14177 3 1 3
564.19003 2 3 1
578.20592 2 3
588.19302 1 4 1 1
594.09092 3 1 1 4
600.15282 3 2 1
614.16995 3 2
618.09662 2 2 2 4
618.16379 3 2 3
624.15731 2 3 1 1
632.18028 3 2 2
638.17450 2 3 1
642.16728 2 3 1 3
648.22984 2 4
654.12813 4 1 3
656.18312 2 3 1 2
668.14332 4 1 2
678.13072 3 2 1 3
684.19559 3 3
692.14663 3 2 1 2
702.13335 2 3 2 3
702.20195 3 3 2
714.09481 4 1 1 3
716.15069 2 3 2 2
716.22023 3 3 1
726.20705 2 4 1 2
730.16620 2 3 2 1
738.16700 4 2 2
752.18210 4 2 1
762.16820 3 3 1 2
776.18641 3 3 1 1
786.17415 2 4 2 2
786.24363 3 4 1
798.13229 4 2 1 2
800.18803 2 4 2 1
806.15990 5 1 3
808.21228 3 3 1 2
810.17742 1 5 3 2
810.24942 2 5 1 1
816.14440 4 2 1 4
aT  PhSiO3/2 (T
Ph), M  ViMe2SiO1/2 (M
Vi), HO1/2, MeO1/2.ESI-FTMS spectrum of A (MVi0.20T
Ph
0.40Q0.40, Mw: 3589g/mol; Mn: 1737 g/mol) synthesized under slightly acidic
condensation condition. Since the sample was prepared in
1:1 MeOH/CHCl3 doped with NH4OAc, the peaks ob-
served are [M  NH4]
 ions. Unlike typical homo-poly-
mers where individual components differ from each other
regularly by a repeating unit, resin samples are much
more complicated since individual molecular ions often
correspond to different molecular structures. A large
number of ions were observed in the m/z 250–1200 range.
Theoretical mass
[M  NH4]

Mass error
(ppm)
Reduced
representationa
342.13715 1.7 TM3
366.14029 0.6 QM4
426.17668 0.2 TM3
480.15086 0.1 T2M4
494.16651 0.2 T2M4
504.15400 0.4 TQM5
516.11447 0.4 T3M3
540.11761 3.6 T2QM4
548.14069 2.0 T3M5
564.19038 0.6 T2M4
578.20603 0.2 T2M4
588.19352 0.9 TQM5
594.09179 1.5 T3M5
600.15400 2.0 T3M3
614.16965 0.5 T3M3
618.09493 2.7 T2Q2M6
618.16456 1.2 T3M5
624.15714 0.3 T2QM4
632.18021 0.1 T3M5
638.17279 2.7 T2QM4
642.16770 0.7 T2QM6
648.22991 0.1 T2M4
654.12818 0.1 T4M4
656.18335 0.4 T2QM6
668.14383 0.8 T4M4
678.13132 0.9 T3QM5
684.19352 3.0 T3M3
692.14697 0.5 T3QM5
702.13446 1.6 T2Q2M6
702.20409 3.0 T3M5
714.09493 0.2 T4QM4
716.15011 0.8 T2Q2M6
716.21974 0.7 T3M5
726.20723 0.2 T2QM6
730.16576 0.6 T2Q2M6
738.16770 1.0 T4M4
752.18335 1.7 T4M4
762.17084 3.5 T3QM5
776.18649 0.1 T3QM5
786.17399 0.2 T2Q2M6
786.24362 0.0 T3M5
798.13446 2.7 T4QM4
800.18964 2.0 T2Q2M6
806.15753 2.9 T5M5
808.21271 0.5 T3QM7
810.17713 0.4 TQ3M7
810.24676 3.3 T2QM6
816.14502 0.8 T4QM6rt 1)
Me
1
1
1
1
1
1
1
1
1
1
1
2
1
1
1
1
2From the exact mass measurements, we then tried to
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and propose the corresponding structures.
Even with exact mass data, one should first consider
the possible siloxy groups to simplify data interpreta-
tion. In General Electric siloxane notation, [Me3SiO1/2],
[Me2SiO2/2], [MeSiO3/2], and [SiO4/2] are abbreviated as
M, D, T, and Q, respectively. Siloxy groups containing
functional groups other than all methyls are often
indicated by superscripted symbols. For example,
[PhMe2SiO1/2] is abbreviated, as M
Ph. Based on the
synthetic route, TPh, MVi, and Q are the expected siloxy
groups that make up the resin material. Since the
individual components of the resin are the hydrolytic
condensation products, silanol (Si-OH) is present,
which is evidenced by the chemical shifts observed
at 68 ppm for (HO)PhSiO2/2 and 98 ppm for (HO)
SiO3/2. The OH group could act as an end-cap along
with unreacted methoxy (OMe) or methoxy from meth-
anol exchange with silanol to satisfy tetracoordination
at the silicon atom.
A Fortran 90 computer program [23] developed in
Table 2. Composition assignments of ESI-FTMS peaks for A (Pa
Measured mass
[M  NH4]
 TPh MVi Q OH O
822.20698 4 3 1
830.15891 4 2 1 3
840.14761 3 3 2 4
846.20974 3 4 1 1
852.10549 5 1 1 4
854.15970 3 3 2 3
870.21093 2 5 2 1
876.11017 4 2 2 4
876.18123 5 2 3
882.17478 4 3 1 1
882.26895 4 3
890.12831 4 2 2 3
900.18406 4 3 1 3
906.17855 3 4 2 1
912.13129 4 2 2 8
914.13176 3 3 3 3
914.19896 4 3 1 2
924.18634 3 4 2 3
936.14734 5 2 1 3
938.20101 3 4 2 2
948.18751 2 5 3 3
952.28806 4 4
960.14662 4 3 2 3
960.21757 5 3 2
974.16222 4 3 2 2
984.15273 3 4 3 3
984.22345 4 4 1 2
996.11353 5 2 2 3
1008.22520 3 5 2 2
1020.11430 4 3 3 3
1020.18696 5 3 1 2
1044.11568 6 2 7
1044.18630 7 6
1050.15734 7 1 4
aT  PhSiO3/2 (T
Ph), M  ViMe2SiO1/2 (M
Vi), HO1/2, MeO1/2.house was used to identify possible siloxy group com-positions for each of the molecular ions observed in the
ESI-FTMS spectrum. The composition assignments are
listed in Tables 1 and 2. The ESI-FTMS spectrum was
acquired in broadband mode and mass measurement
errors between experimental and theoretical mass val-
ues are less than 10 ppm in all cases and less than 5 ppm
in most cases. For each proposed composition, a re-
duced MTQ representation is presented in order to
identify the class of compounds present in the material
where MVi, OH, and OMe are all considered as possible
end groups, M.
The high mass resolving power capability of
FTMS allows detection of ions with very similar m/z
values and totally different compositions. In Figure 2,
the upper and lower panel shows the expanded view of
the ESI-FTMS spectrum in Figure 1 around m/z 702 and
786, respectively. The ions located at m/z 702.13335
(T2Q2M6) and 702.20195 (T3M5) are identified as
[(PhSiO3/2)2(SiO4/2)2(ViMe2SiO1/2)3(HO1/2)3NH4]

and [(PhSiO3/2)3(ViMe2SiO1/2)3(HO1/2)2NH4]
. The
two ions located at m/z 786.17415 (T2Q2M6) and
Theoretical mass
[M  NH4]

Mass error
(ppm)
Reduced
representationa
822.20723 0.3 T4M4
830.16067 2.1 T4QM6
840.14817 0.7 T3Q2M7
846.21037 0.7 T3QM5
852.10864 3.7 T5QM5
854.16382 4.8 T3Q2M7
870.21351 3.0 T2Q2M6
876.11178 1.8 T4Q2M6
876.18141 0.2 T5M5
882.17399 0.9 T4QM4
882.26474 4.8 T4M6
890.12743 1.0 T4Q2M6
900.18455 0.5 T4QM6
906.17713 1.6 T3Q2M5
912.13291 1.8 T4Q2M10
914.13057 1.3 T3Q3M7
914.20020 1.4 T4QM6
924.18769 1.5 T3Q2M7
936.14817 0.9 T5QM5
938.20334 2.5 T3Q2M7
948.19083 3.5 T2Q3M8
952.28862 0.6 T4M6
960.15131 4.9 T4Q2M6
960.22094 3.5 T5M5
974.16696 4.9 T4Q2M6
984.15445 1.7 T3Q3M7
984.22408 0.6 T4QM6
996.11492 1.4 T5Q2M5
1008.22722 2.0 T3Q2M7
1020.11806 3.7 T4Q3M6
1020.18769 0.7 T5QM5
1044.11765 1.9 T6Q2M10
1044.18728 0.9 T7M9
1050.15875 1.3 T7M5rt 2)
Me
1
1
3
1
1
1
1
2
1
3
3786.24363 (T3M5) correspond to [(PhSiO3/2)2(SiO4/2)2-
528 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 524–534(ViMe2SiO1/2)4(HO1/2)2] and [(PhSiO3/2)3(ViMe2SiO1/2)4-
(HO1/2)], respectively. The composition of T2Q2M6 is
consistent with the presence of one cyclic structure in the
molecule to satisfy Si valence requirement. Possible struc-
tures for T2Q2M6, and T3M5 are illustrated in Scheme 1.
For ions below m/z 700, the composition assignment
is very straightforward since only one combination of
siloxy groups fits the measured m/z value within 5 ppm
range. The number of siloxy group combinations that fit
the measured mass increase with increasing m/z value.
However, only the most likely assignment is listed in
Table 1. This is based upon the assumption that high
butoxy and methoxy content with a particular structure
is unlikely and this assumption is supported by NMR
results for this material. It is worth pointing out that, in
this study, it is more important to identify the type of
7 0 1 7 0 3 m / z7 0 2 7 0 4 7 0 5 7 0 6
7 8 4 7 8 6 7 8 8 7 9 0  7 9 2 m / z
[(PhSiO3/2)2(SiO4/2)2(ViMe2SiO1/2)3(HO1/2)3]
[(PhSiO3/2)3(ViMe2SiO1/2)3(HO1/2)2] 
[(PhSiO3/2)2(SiO4/2)2(ViMe2SiO1/2)4(HO1/2)2] 
[(PhSiO3/2)3(ViMe2SiO1/2)4(HO1/2)1]
Figure 2. The expanded view of ESI-FTMS spectra of A at m/z
702 (upper panel) and m/z 786 (lower panel).
Scheme 1. Possible structures for T2Q2M6, and T3M5.Scheme 2. Possible structures forstructures formed in this complex resin material than to
deduce the individual molecular structure of each com-
ponent.
Based upon the results shown in Tables 1 and 2, only
four types of structures are identified, regardless of the
large number of low molecular weight components
present in this resin material. Each structure type can be
represented with a general formula, as shown in Table
3. For example, the general formula, TnQmMn2m, rep-
resents these monocyclic structures involving T and Q
backbones (see T2Q2M6 in Scheme 1). Bicyclic and
tricyclic structures are also observed with some exam-
ples drawn in Scheme 2, each falling into the category of
TnQmMn2m2 and TnQmMn2m4. Similarly, T3M5,
shown in Scheme 1, fits the general formula of
TnQmMn2m2 and corresponds to a linear or branched
structure. Given any reduced symbol in structure as-
signments, one can picture the general structure
readily. To make it easier to compare with the results of
MQ and Q silsesquioxanes, the MTQ representations
were further converted to MQ representations (Table 3),
based on the fact that a T unit is equivalent to a QM
unit.
The ESI-FTMS mass spectrum of B (MVi0.19T
Ph
0.61Q0.20,
Mw: 2849 g/mol; Mn: 1643 g/mol) was acquired in the
same manner and is shown in Figure 3. Compared to A, a
smaller number of ions were observed. The ESI-FTMS
peak assignments are summarized in Table 4 and the
species identified in B are summarized in Table 5.
A few general observations need to be addressed
Table 3. Summary for ESI-FTMS characterization of A
Reduced
representation Structure identified
Transformed
representation
(T  QM)
TnQmMn2m2 QM4, TM3, TQM5,
T2M4, T3M5, T2QM6,
T3QM7, T4M6,
T4Q2M10, T7M9
QM4, Q2M6, Q3M8,
Q4M10, Q6M14,
Q7M16
TnQmMn2m T3M3, T2QM4,
T2Q2M6, T4M4,
T3QM5, T3Q2M7,
TQ3M7, T4QM6,
T2Q3M8, T5M5,
T6Q2M10
Q3M6, Q4M8,
Q5M10, Q8M16
TnQmMn2m2 T4QM4, T5QM5,
T4Q2M6, T3Q2M5,
T3Q3M7, T7M5
Q5M8, Q6M10,
Q7M12
TnQmMn2m4 T5Q2M5, T4Q3M6 Q7M10T5M3, T3Q2M5, and T5QM3.
Figure 3. ESI-FTMS spectrum of B.
aT  PhSiO3/2 (T
Ph), M  ViMe2SiO1/2 (M
Vi), HO1/2, MeO1/2.
529J Am Soc Mass Spectrom 2005, 16, 524–534 LOW MOLECULAR WEIGHT COMPONENTS USING ESI-FTMShere. First, the results for B reflect an increase of the
mole percentage of phenyl-T in the low molecular
weight portion of the silsesquixaone composition. The
most abundant ions are found at m/z 342.13714,
494.16695, 564,18963, 738.17232, 752.18593, and
822.20767. The reduced structural assignments for these
ions are TM3, T2M4, T2M4, T4M4, T4M4, and T4M4,
respectively, with no incorporation of Q units. Sec-
ondly, the silanol content in B appears lower than that
in A. More than 90% of the species identified in B
contain one or two silanol groups. The number of
silanol groups present in the individual structures iden-
tified for A ranges from 1 to 4, and in some cases, is
even higher, consistent with less degree of condensa-
tion. Although these observations were made for only
Theoretical mass
[M  NH4]

Mass error
(ppm)
Reduced
representationa
342.13715 0.1 TM3
426.17668 7.5 TM3
480.15086 3.4 T2M4
494.16651 1.2 T2M4
564.19038 0.9 T2M4
578.20603 4.7 T2M4
684.19352 5.4 T3M3
702.20409 0.1 T3M5
716.21974 1.1 T3M5
738.16770 2.8 T4M4
752.18335 0.7 T4M4
762.17084 2.6 T3QM5
776.18649 5.1 T3QM5
786.17399 0.7 T2Q2M6
786.24362 0.9 T3M5
798.28628 4.3 Q2M8
800.18964 1.7 T2Q2M6
822.20723 1.0 T4M4
836.22288 1.1 T4M4
846.21037 1.0 T3QM5
858.17084 1.6 T5M3
860.22602 0.2 T3QM5
882.17399 0.8 T4QM4
894.21665 5.9 TQ3M7
906.17713 0.7 T3Q2M5
906.24676 2.1 T4M4
914.20020 2.9 T4QM6
924.25732 3.3 T4M6
928.21585 0.5 T4QM6
948.26046 3.8 T3QM7
952.21899 4.8 T3Q2M7
960.22094 2.9 T5M5
974.16696 4.0 T4Q2M6
974.23659 1.4 T5M5
984.22408 2.9 T4QM6
1008.22722 3.8 T3Q2M7
1010.20020 4.8 T6M4
1020.18769 0.5 T5QM5
1034.20334 2.5 T5QM5
1044.19083 1.3 T4Q2M6
1044.26046 1.4 T5M5
1058.20648 2.4 T4Q2M6
1068.26360 0.2 T4QM6200 300 400 500 600 700 800 900 1000 1100 m/z
0.0 
0.2 
0.4 
0.6 
0.8 
1.0 
r.i. Table 4. Composition assignments of ESI-FTMS peaks for B
Measured mass
[M  NH4]
 TPh MVi Q OH OCH3
342.13717 1 2 1
426.17987 1 3
480.14920 2 2 2
494.16710 2 2 1 1
564.18988 2 3 1
578.20877 2 3 1
684.19723 3 3
702.20418 3 3 2
716.21896 3 3 1 1
738.16565 4 2 2
752.18286 4 2 1 1
762.17284 3 3 1 2
776.18256 3 3 1 1 1
786.17451 2 4 2 2
786.24288 3 4 1
798.28971 7 2 1
800.18827 2 4 2 1 1
822.20804 4 3 1
836.22381 4 3 1
846.20946 3 4 1 1
858.16950 5 2 1
860.22584 3 4 1 1
882.17478 4 3 1 1
894.21138 1 6 3 1
906.17645 3 4 2 1
906.24481 4 4
914.20284 4 3 1 2 1
924.25427 4 4 2
928.21627 4 3 1 1 2
948.26402 3 5 1 2
952.22357 3 4 2 1 2
960.22372 5 3 2
974.16308 4 3 2 2 1
974.23519 5 3 1 1
984.22692 4 4 1 2
1008.23109 3 5 2 2
1010.19533 6 2 1 1
1020.18819 5 3 1 2
1034.20594 5 3 1 1 1
1044.18948 4 4 2 2
1044.26191 5 4 1
1058.20897 4 4 2 1 1
1068.26382 4 5 1 1
530 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 524–534the low molecular weight components in both MTQ, it
could very well reflect the changes which occur in the
higher molecular weight components as well. In fact,
the data obtained by ESI-FTMS are consistent with
the composition data obtained by NMR spectroscopy.
The average composition measured by NMR for A
and B is (ViMe2SiO1/2)0.20(PhSiO3/2)0.23(SiO4/2)0.20(Ph-
[HO]SiO2/2)0.17([HO]SiO3/2)0.20 and (ViMe2SiO1/2)0.20-
(PhSiO3/2)0.50(SiO4/2)0.16(Ph[HO]SiO2/2)0.11([HO]SiO3/2)0.03,
respectively. The mole percentage of phenyl-T, indeed,
increases from 0.40 to 0.61. In addition, silanol content is
roughly 37 mol% in A and is significantly reduced to 14
mol% in B as determined by 29Si NMR analysis attrib-
utable to the basic condensation condition.
Overall, species identified in A and B are very
similar except for the absence of TnQmMn2m4 type
compounds in B. Examples of structures for the species
identified in both materials can be found in Figure 6.
The difference in peak intensity could reflect variation
in concentration of these species in two different mate-
rials. All MTQ representations have been transformed
into QM representations (Tables 3 and 5) to simply the
illustrations. Note that not all isomers of certain struc-
tures were included. Each vertex in the individual
structures represents a Q unit and each open bond
represents an end group, M. Linear or branched, mon-
cyclic, and bicyclic structures are the basic structure
types found for the low molecular weight components
present in A and B. With most of the low molecular
weight components containing at least one silanol
group, the higher molecular weight components of the
MTQ silsesquioxanes could be formed from intramolec-
ular and intermolecular condensation reactions of sila-
nol groups from these basic structures.
MQ and Q Silsesquioxanes
C and D were analyzed in the same fashion and their
ESI-FTMS spectra are shown in Figures 4 and 5, respec-
tively. The composition of C and D is determined by
29Si NMR analysis and are consistent with MVi0.59Q0.41
and (QOtBu)1.0 formulation, respectively. In both cases,
significant amounts of silanol groups are present as
detected by NMR. The molecular weights of these two
Table 5. Summary for ESI-FTMS characterization of B
General formula Species identified
Transformed
representation
(T  QM)
TnQmMn2m2 TM3, T2M4, T3M5,
T3QM7, T4M6
QM4, Q2M6, Q3M8,
Q4M10
TnQmMn2m T3M3, T2Q2M6, T4M4,
T3QM5, T3Q2M7,
TQ3M7, T4QM6, T5M5
Q3M6, Q4M8,
Q5M10
TnQmMn2m2 T4QM4, T5M3, T5QM5,
T4Q2M6, T3Q2M5,
T6M4
Q5M8, Q6M10materials are relatively high (for C: Mw: 14,200; Mn:5600; for D: Mw: 26,700; Mn: 6900 by Universal Calibra-
tion) therefore, the species observed by ESI-FTMS cor-
respond to the low molecular weight fractions. Com-
pared to MTQ, peak assignments for these samples
were simpler since few siloxane units were involved.
Possible end groups to be considered are MVi, OH, and
OtBu for the MQ. For the Q silsesquioxane, OH, OtBu,
and OAc are all possible end groups. Although C and D
were prepared for ESI-FTMS analysis in CH3CN and
CHCl3, methoxy should also be considered to make
reasonable structural assignment for a number of un-
known ions. The exchange between silanol groups and
methoxy groups is known to be a facile process that
could occur with residual MeOH in the system. The
observed ions and their conrresponding composition
assignments for the ESI-FTMS spectra of C and D are
summarized in Tables 6 and 7. Mass measurement
errors between experimental and theoretical mass val-
ues are less than 10 ppm in all cases and less than 5 ppm
in most cases. The reduced composition representations
derived from each exact mass measurement are sum-
marized in Table 8.
Similar to the reduced representations of TnQmMn2m2,
QmM2m2 corresponds to linear or branched structures.
In fact, TnQmMn2m2 is equivalent to QmMn2m2
since T is equivalent to QM. Monocyclic and bicyclic
structures generally have a reduced representation of
QmM2m and QmM2m2, respectively. For each addi-
600 800 1000 1200 1400 1600 m/z
0.0
0.2
0.4
0.6
0.8
1.0
r.i.
Figure 4. ESI-FTMS spectrum of C.
600 800 1000 1200 1400 m/z
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0.20 
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r.i. Figure 5. ESI-FTMS spectrum of D.
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531J Am Soc Mass Spectrom 2005, 16, 524–534 LOW MOLECULAR WEIGHT COMPONENTS USING ESI-FTMStional siloxane linkage, the number of end groups
decrease by 2. Therefore, for any QxMy composition, the
smaller y is compared to 2x, the more condensed the
structure is.
The possible structures of all species listed in Table 8
are illustrated in Figure 6. A general observation is that
more condensed (cage-like) structures were found in the
MQ silsesquioxane while more open (ladder-like) struc-
tures were found for the Q silsesquioxane. For example,
Q8M10 was found in C which most likely corresponds to a
partially open cage structure. However, species with the
Figure 6. Proposed structures for QxMy structsame number of Q unit observed in D are Q8M12, Q8M14,and Q8M16. Possible structures for Q8M16 include an
eight-siloxane ring or smaller rings with pendent groups.
One possible mechanism leading to more condensed
structures is through intramolecular condensations of
Q8M16 to form Q8M14 and Q8M12 along with stepwise
elimination of H2O or
tBuOH. For example, two ions at
m/z 1128.40508 (Q8M14) and m/z 1184.47168 (Q8M14)
correspond to a butanol and water loss from m/z
1202.48581 (Q8M16), respectively. An additional water
and butanol loss from m/z 1128.40508 (Q8M14) lead to
the formation of m/z 1110.39354 (Q8M12) and 1054.32921
identified in MTQ, MQ, and Q silsesquioxanes.(Q8M12). On the other hand, intermolecular condensa-
532 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 524–534tions between some basic structures could also take
place since most of identified species have one or more
silanol groups.
A simple illustration regarding the formation of
Q8M14 via both mechanisms is shown in Scheme 3.
However, large-membered rings are unlikely the most
probable structures of Q6M4 and Q8M16. Although these
three-dimensional structures of the low molecular
weight components can only be conjectured, the higher
molecular weight components of these materials likely
arise from both intermolecular and intramolecular con-
densation reactions of available silanol groups present
in the low molecular weight linear and cyclic siloxane
precursors identified from this work.
Tables, 3, 5, and 8 provide a direct comparison of the
species identified in all materials as well their reduced
compositions presented in the right column. It should be
noted that majority of species are similar in these materials
Table 6. Composition assignments of ESI-FTMS peaks for C
Measured mass
[M  NH4]
 Mvi Q OH OMe O
612.19745 5 2 1
672.16583 5 3 1
696.24073 6 2
704.19175 5 3 2 1
750.14073 5 4 3
756.20536 6 3
774.21298 6 3 2
834.18040 6 4 2
858.25466 7 3 1
862.27027 5 4 1
918.21940 7 4 1
940.19108 6 5 2 2
946.31045 6 4
986.14251 6 6 3 1
996.19661 7 5 3
1000.16083 6 6 2 2
1002.25975 8 4
1014.17227 6 6 1 3
1038.15586 7 6 1
1056.16607 7 6 3
1060.12625 6 7 2 2
1070.18631 7 6 2 1
1080.24031 8 5 2
1084.20247 7 6 1 2
1116.13602 7 7 3
1130.15158 7 7 2 1
1140.20188 8 6 2
1144.16570 7 7 1 2
1164.27681 9 5 1
1200.17040 8 7 2
1214.18411 8 7 1 1
1224.25081 9 6 1
1260.14517 8 8 2
1284.21888 9 7 1
1344.18546 9 8 1
1362.20146 7 9 1
1422.16609 9 9 3
1428.21505 10 8
aM  ViMe2SiO1/2 (M
Vi), HO1/2, MeO1/2 or
tBuO1/2.except that Q4M10 and Q6M14 were only observed inTMQ. Compared to MQ and Q silsesquioxanes, com-
pounds with the same number of Q in TMQ silsesquiox-
anes tend to have more open structures, i.e., more M
group attached to Q. The presence of T (MQ) apparently
contributes to the formation of such open structures. The
addition of silica fillers to silsesquioxanes has been dem-
onstrated to improve resin mechanical properties and
lower CTE. Using an alternative strategy, we have suc-
cessfully demonstrated the development of these proces-
sible siloxane resins that incorporated “silica” or Q unit
with improved physical properties and the results will be
available in a separate report.
Summary
A number of MTQ, MQ, and Q silsesquioxanes were
analyzed by ESI-FTMS to obtain detailed structural infor-
mation for the oligomeric components. Accurate mass
Theoretical mass
[M  NH4]

Mass error
(ppm)
Reduced
representationa
612.19667 1.3 Q2M6
672.16342 3.6 Q3M6
696.23619 6.5 Q2M6
704.18964 3.0 Q3M8
750.14074 0.0 Q4M8
756.20295 3.2 Q3M6
774.21351 0.7 Q3M8
834.18027 0.2 Q4M8
858.25304 1.9 Q3M8
862.26594 5.0 Q4M8
918.21980 0.4 Q4M8
940.18889 2.3 Q5M10
946.30547 5.3 Q4M8
986.14000 2.5 Q6M10
996.19712 0.5 Q5M10
1000.15565 5.2 Q6M10
1002.25932 0.4 Q4M8
1014.17130 1.0 Q6M10
1038.15331 2.5 Q6M8
1056.16387 2.1 Q6M10
1060.12240 3.6 Q7M10
1070.17952 6.3 Q6M10
1080.23664 3.4 Q5M10
1084.19517 6.7 Q6M10
1116.13063 4.8 Q7M10
1130.14628 4.7 Q7M10
1140.20340 1.3 Q6M10
1144.16193 3.3 Q7M10
1164.27617 0.6 Q5M10
1200.17016 0.2 Q7M10
1214.18581 1.4 Q7M10
1224.24293 6.4 Q6M10
1260.13691 6.6 Q8M10
1284.20968 7.2 Q7M10
1344.17644 6.7 Q8M10
1362.20499 2.6 Q9M10
1422.15376 8.7 Q9M12
1428.21596 0.6 Q8M10tBu
2
2
2measurements afforded by the high mass resolving power
533J Am Soc Mass Spectrom 2005, 16, 524–534 LOW MOLECULAR WEIGHT COMPONENTS USING ESI-FTMSof FTMS yielded small mass errors for extremely complex
resin systems. These measurements, coupled with reason-
Table 7. Composition assignments of ESI-FTMS peaks for D
Measured mass
[M  NH4]
 Q OH OAc OtBu O
500.27048 2 2 4
532.27948 3 1 5
610.25764 4 3 5
624.27373 4 2 5
652.26538 4 2 1 5
666.32103 4 2 6
670.22482 5 3 5
684.23747 5 2 5
698.25452 5 1 5
726.28514 5 2 6
744.29608 5 4 6
758.31318 5 3 6
782.34675 5 1 7
800.35894 5 3 7
842.37021 5 2 1 7
860.32561 6 3 7
874.34085 6 2 7
892.35290 6 4 7
916.38817 6 2 8
920.29479 7 3 7
934.39748 6 4 8
952.31764 7 4 7
966.33336 7 3 7
976.35144 7 2 8
994.36593 7 4 8
1008.38286 7 3 8
1050.42745 7 3 9
1054.32921 8 4 8
1068.34790 8 3 8
1068.43908 7 5 9
1086.36022 8 5 8
1100.37270 8 4 8
1110.39354 8 3 9
1114.29835 9 4 8
1124.41431 8 2 9
1128.40508 8 5 9
1142.41781 8 4 9
1166.45645 8 2 10
1170.36150 9 3 9
1184.47168 8 4 10
1202.38759 9 4 9
1202.48581 8 6 10
1226.42374 9 2 10
1244.43406 9 4 10
1258.44700 9 3 10
1262.44598 9 6 10
1276.45838 9 5 10
1300.49641 9 3 11
1304.39970 10 4 10
1318.42092 10 3 10
1318.50881 9 5 11
1322.41361 10 6 10
1336.42899 10 5 10
1360.46204 10 3 11
1378.47307 10 5 11
1392.48980 10 4 11
aM  HO1/2, MeO1/2,
tBuO1/2 or AcO1/2.able assumptions based on resin chemistry, allowed us todetermine the composition of siloxanes for a large number
of individual low molecular weight components observed
Theoretical mass
[M  NH4]

Mass error
(ppm)
Reduced
representationa
500.27056 0.2 Q2M6
532.27879 1.3 Q3M6
610.25611 2.5 Q4M8
624.27176 3.2 Q4M8
652.26667 2.0 Q4M8
666.31871 3.5 Q4M8
670.22287 2.9 Q5M8
684.23852 1.5 Q5M8
698.25417 0.5 Q5M8
726.28547 0.4 Q5M8
744.29603 0.1 Q5M10
758.31168 2.0 Q5M10
782.34807 1.7 Q5M8
800.35863 0.4 Q5M10
842.36920 1.2 Q5M10
860.32539 0.3 Q6M10
874.34104 0.2 Q6M10
892.35160 1.5 Q6M12
916.38799 0.2 Q6M10
920.29214 2.9 Q7M10
934.39855 1.1 Q6M12
952.31836 0.8 Q7M12
966.33401 0.7 Q7M12
976.35474 3.4 Q7M10
994.36531 0.6 Q7M12
1008.38096 1.9 Q7M12
1050.42791 0.4 Q7M12
1054.33206 2.7 Q8M12
1068.34771 0.2 Q8M12
1068.43847 0.6 Q7M14
1086.35828 1.8 Q8M14
1100.37393 1.1 Q8M14
1110.39466 1.0 Q8M12
1114.29882 0.4 Q9M12
1124.41031 3.6 Q8M12
1128.40523 0.1 Q8M14
1142.42088 2.7 Q8M14
1166.45726 0.7 Q8M12
1170.36142 0.1 Q9M12
1184.46783 3.3 Q8M14
1202.38764 0.0 Q9M14
1202.47839 6.2 Q8M16
1226.42402 0.2 Q9M12
1244.43459 0.4 Q9M14
1258.45024 2.6 Q9M14
1262.44515 0.7 Q9M16
1276.46080 1.9 Q9M16
1300.49719 0.6 Q9M14
1304.40134 1.3 Q10M14
1318.41699 3.0 Q10M14
1318.50775 0.8 Q9M16
1322.41191 1.3 Q10M16
1336.42756 1.1 Q10M16
1360.46394 1.4 Q10M14
1378.47451 1.0 Q10M16
1392.49016 0.3 Q10M16Me
1
1
2
1
1
1
1
2
1
1
1
2
1
1
1
1
1
1
1
1in all materials. The differences between MTQ, MQ, and Q
534 CHEN ET AL. J Am Soc Mass Spectrom 2005, 16, 524–534silsesquioxanes are likely attributed to differences in in-
trinsic structure and reactivity of T and Q building blocks.
Acknowledgments
The authors acknowledge Jennifer Dingman and Linda Myers for
providing NMR and GPC data.
References
1. Auner, N.; Bats, J. W.; Katsoulis, D. E.; Suto, M.; Tecklenburg,
R. E.; Zank, G. A. Chemistry of Hydrogen-Octasilsesquioxane:
Preparation and Characterization of Octasilsesquioxane-Con-
taining Polymers. Chem. Mater. 2000, 12, 3402–3418.
2. Eisenberg, P.; Erra-Balsells, R.; Ishikawa, Y.; Lucas, J. C.;
Mauri, A. N.; Nonami, H.; Riccardi, C. C.; Williams, R. J. J.
Cagelike Precursors of High-Molar-Mass Silsesquioxanes
Formed by the Hydrolytic Condensation of Trialkoxysilanes.
Macromolecules 2000, 33, 1940–1947.
3. Karas, M.; Hillenkamp, F.; Beavis, R. C.; Chait, B. T. Matrix-
Assisted Laser Desorption/Ionization Mass Spectrometry of
Biopolymers. Anal. Chem. 1991, 63, 1193A–1202A.
4. Loo, J. A. In Electrospray Ionization Mass Spectrometry: Funda-
mentals, Instrumentation and Applications; Cole, R. B., Ed.; John
Wiley and Sons: New York, 1997; pp 385–419.
5. Hong, B.; Thoms, T. P. S.; Murfee, H. J.; Lebrun, M. J. Highly
Branched Dendritic Macromolecules with Core Polyhedral
Silsesquioxane Functionality. Inorg. Chem. 1997, 36, 6146–
Scheme 3. Possible mechanisms for the formation of Q8M14.
Table 8. Summary for ESI-FTMS characterization of C and D
General
composition
Species identified
in C
Species identified
in D
QmM2m2 Q2M6, Q3M8 Q2M6
QmM2m Q3M6, Q4M8,
Q5M10
Q3M6, Q4M8, Q5M10,
Q6M12, Q7M14, Q8M16
QmM2m2 Q5M8, Q6M10 Q5M8, Q6M10, Q7M12,
Q8M14, Q9M16
QmM2m4 Q6M8, Q7M10 Q7M10, Q8M12, Q9M14,
Q10M16
QmM2m6 Q8M10, Q9M12 Q9M12, Q10M14
QmM2m8 Q9M10 —6165.6. Bakhtiar, R.; Feher, F. J. Mass Spectrometric Characterization
of Polyhedral Oligosilsesquioxanes and Heterosilsequioxanes.
Rapid Commun. Mass Spectrom. 1999, 13, 687–694.
7. Bakhtiar, R. Mass Spectrometric Characterization of Silsesqui-
oxanes. Rapid Commun. Mass Spectrom. 1999, 13, 87–89.
8. Fasce, D. P.; Williams, R. J. J.; Erra-Balsells, R.; Ishikawa, Y.;
Nonami, H. One-Step Synthesis of Polyhedral Silsesquioxanes
Bearing Bulky Substituents: UV-MALDI-TOF and ESI-TOF
Mass Spectrometry Characterization of Reaction Products.
Macromolecules 2001, 34, 3534–3539.
9. Wallace, W. E.; Guttman, C. M.; Antonucci, J. M. Molecular
Structure of Silsesquioxanes Determined by Matrix-Assisted
Laser Desorption/Ionization Time-of-Flight Mass Spectrome-
try. J. Am. Soc. Mass Spectrom. 1999, 10, 224–230.
10. Wallace, W. E.; Guttman, C. M.; Antonucci, J. M. Polymeric
Silsesquioxanes: Degree of Intramolecular Condensation Stud-
ies by Mass Spectrometry. Polymer 2000, 41, 2219–2226.
11. Marshall, A. G.; Grosshans, P. B. Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry: The Teenage Years.
Anal. Chem. 1991, 63, 215A–229A.
12. Marshall, A. G.; Schweikhard, L. Fourier Transform Ion Cy-
clotron Resonance Mass Spectrometry: Technique Develop-
ments. Int. J. Mass Spectrom. Ion Processes 1992, 118/119, 37–70.
13. Williams, E. R. Tandem FTMS of Large Biomolecules. Anal.
Chem. 1998, 70, 179A–185A.
14. Penn, S. G.; Cancilla, M. T.; Lebrilla, C. B. Collision-Induced
Dissociation of Branched Oligosaccharide Ions with Analysis
and Calculation of Relative Dissociation Thresholds. Anal.
Chem. 1996, 68, 2331–2339.
15. Baker, Gary A. Electrospray Ionization-Fourier Transform
Mass Spectrometry (ESI-FTMS) is a New Tool in the Polymer
Chemist’s Bag of Tricks. Chem. Innovation 2000, 30, 11.
16. O’Connor, P. B.; McLafferty, F. W. Oligomer Characterization
of 4–23 kDa Polymers by Electrospray Fourier Transform
Mass Spectrometry. J. Am. Chem. Soc. 1995, 117, 12826–12831.
17. Aaserud, D. J.; Prokai, L.; Simonsick, W. J. Gel Permeation
Chromatography Coupled to Fourier Transform Mass Spec-
trometry for Polymer Characterization. Anal. Chem. 1999, 71,
4793–4799.
18. Aaserud, D. J.; Zhong, W.; Simonsick, W. J. Chain Microstruc-
ture of Polyesters and Polyethers by Gel Permeation Chroma-
tography Coupled to Fourier Transform Mass Spectrometry.
Polymer Preprints 2000, 41, 657–658.
19. Maziarz, E. P., III; Baker, G. A.; Wood, T. D. Capitalizing on
the High Mass Accuracy of Electrospray Ioniation Fourier
Transform Mass Spectrometry for Synthetic Polymer Charac-
terization: A Detailed Investigation of Poly(Dimethylsiloxy-
ane). Macromelecules 1999, 32, 4411–4418.
20. Tecklenburg, R. E.; Wallace, W. E.; Chen, H. Characterization
of a [(O3/2SiMe)x(OSi(OH)Me)y(OSiMe2)z] Silsesquioxane Co-
polymer Resin by Mass Spectrometry. Rapid Comm. Mass Spec.
2001, 15, 2176–2185.
21. Bujalski, D. R.; Chen, H.; Tecklenburg, R. E.; Moyer, E. S.;
Zank, G. A.; Su, K. Compositional and Structural Analysis of
a (PhSiO3/2)0.35(MeSiO3/2)0.40(Me2ViSiO1/2)0.25 Resin. Macro-
molecules 2003, 36, 180–197.
22. Bujalski, D. R.; Chen, H.; Zank, G. A.; Su, K. Synthesis of
(PhSiO3/2)0.35(MeSiO3/2)0.40(Me2ViSiO1/2)0.25 Resins. Macro-
molecules 2003, 36, 3529–3539.
23. Frevel, L. K.; Lee, W.; Tecklenburg, R. E. Diophantine Mass
Spectrometric Structure Analysis. J. Am. Soc. Mass Spectrom.
1999, 10, 231–240.
